Background: Several inhibitor of apoptosis proteins (IAPs) are cleaved during apoptosis. Studies of the melanoma-associated IAP (ML-IAP) Livin, using recombinant molecules, have implicated both caspases 3/7 and the serine protease Omi/HtrA2 in its proteolytic cleavage. Objective: To characterize the apoptotic cleavage of Livin in melanocytic cells, and evaluate the role of known proteases. Methods: We assessed the capacity of a variety of stimuli to induce Livin cleavage in human melanoma cell lines and normal human melanocytes. The role of caspases and Omi was examined using caspase inhibitors and RNAi, respectively. A potential caspase substrate was further examined by site-directed mutagenesis. Deletion mapping was used to identify the cleavage site. Results: Livin cleavage was observed in multiple human melanoma cell lines in response to a variety of apoptotic stimuli (UVB, 4-TBP, cisplatin, TNF, Bax), and not affected by the addition of various protease inhibitors or RNAi-mediated silencing of Omi/HtrA2. Livin cleavage induced by 4-TBP, but not UVB or cisplatin, was blocked by the pan-caspase inhibitor zVAD-fmk. Mutation of Asp 52 to Glu in Livin did not affect
Introduction
The inhibitor of apoptosis proteins (IAP) are important regulators of apoptosis. Most IAPs are expressed in normal tissues, and some are over-expressed in cancer and mediate apoptosis resistance in tumors [1] . First discovered in baculoviruses, IAPs are characterized by one or more conserved baculoviral IAP repeat (BIR) domains [2] . Eight IAPs have been identified in humans: XIAP, cIAP1, cIAP2, NIAP, Apollon, Ts-IAP/ILP-2, Survivin, and most recently Livin/ ML-IAP. Many of these molecules can protect cells from a variety of apoptotic stimuli, including ultraviolet radiation and chemotherapeutic drugs [1] . Most IAPs have been shown to function as caspase inhibitors, directly binding caspases via their BIR domain(s) and adjacent sequences resulting in allosteric monomerization of the caspase [3] . Several IAPs possess ubiquitin ligase activity [4] , and XIAP [5] and cIAP2 [6] can direct the ubiquitylation of effector caspases. Other IAPs like Survivin may exert additional anti-apoptotic functions independent of caspases [7, 8] . Most IAPs are themselves primarily regulated by the mitochondrial proteins Smac [9] and the Omi/HtrA2 protease [10] , which contain a conserved tetrapeptide IAP-binding motif and during apoptosis translocate to the cytosol where they disrupt IAP-caspase interactions.
In addition to competitive binding by Smac and Omi, another important negative regulatory mechanism of IAPs is proteolysis. Several IAPs have been shown to be cleaved during apoptosis. Deveraux et al. [11] demonstrated that in Fas-stimulated cells XIAP is cleaved by activated caspases into two distinct fragments. Similarly, Clem et al. [12] reported that cIAP1 was cleaved in apoptotic cells and in vitro in a caspase-dependent manner, with the resulting C-terminal peptide exhibiting proapoptotic activity. In addition to caspases, Omi may potentially regulate cleavage of IAPs. First, the cIAPs and XIAP may be cleaved directly by Omi, as suggested by in vitro studies [13, 14, 15] . Second, in some cases activation of Omi may be required for caspase-mediated cleavage [15] . Thus proteolytic digestion of IAPs by caspases or Omi may be important for potentiating apoptosis.
In contrast to other IAPs, ML-IAP (Livin) has a more restricted range of expression and has been identified only in melanoma [16, 17] and some lymphoma cell lines [16] . It is expressed as two isoforms [18] and appears to function as a classical IAP, with both caspase-binding and caspase-inhibitory activities [16, 17] , and dependent on its BIR domain for mediating anti-apoptotic activity [16] . More recent studies, however, suggest that the Livin BIR domain is a relatively weak caspase inhibitor and may exert its anti-apoptotic activity primarily through disrupting interactions of Smac with other IAPs [19] . As seen with the IAP Survivin [20] , silencing of Livin in melanoma cells by either anti-sense [17] or RNAi [21] compromises cell viability and precipitates apoptosis. Livin may be an important immune target in melanoma, as T-lymphocytes infiltrating melanoma tumors are reactive to Livin [22, 23] and Livin-specific antibodies are present in patient sera [22] . We recently reported that Livin is cleaved in melanoma cells upon apoptotic stimulation [24] and this has been confirmed by others [25] . There are conflicting reports, however, regarding the protease(s) involved. Yang et al. [15] demonstrated that recombinant Omi cleaves various IAPs, including Livin. Nachmias et al. [25] , on the other hand, reported that Livin cleavage is mediated by caspases, based on their findings that cleavage was partially blocked by a caspase inhibitor and that recombinant Livin was cleaved by recombinant caspases 3 and 7. It is possible that the Livin proteolysis observed in these studies could be a result of high concentrations of recombinant protease and substrate that may not reflect physiologic conditions in vivo. In this study, we further characterize the apoptotic stimuli for induction of Livin cleavage in melanocytic cells and re-evaluate the role of caspases and Omi in Livin cleavage. Multiple apoptotic stimuli induce Livin cleavage, which occurs independent of Omi at Asp 52 within the internal caspase substrate, yet the cleavage reaction was not affected by mutation (D52E) of this residue and only partially sensitive to caspase inhibition. These results suggest that other proteases, in addition to conventional caspases, are likely involved in Livin cleavage.
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Materials and methods

Cell culture
Human metastatic melanoma lines YUSAC2 and YUGEN8 are previously described [20] . Human invasive melanoma line WM35 was kindly provided by Meenhard Herlyn (Wistar Institute, Philadelphia, PA) and maintained in MCDB 153 and Leibovitz L-15 medium containing 2% FCS and insulin as described [26] . Normal human melanocytes were obtained from discarded foreskins and cultured as described [24] .
Apoptosis induction and detection
Cells were seeded ((3-5) Â 10 5 /well/dish) in 6-well plates or 35-mm dishes the day prior to use. The 4-tert-butylphenol (4-TBP), cisplatin, and etoposide (all from Sigma, St. Louis, MO) were prepared and stored as described previously [24] . Recombinant human TRAIL was obtained from EMD Biosciences (La Jolla, CA) and stored at À80 8C. Recombinant human TNF-a and cycloheximide (both from Sigma) were stored at À20 8C. Ultraviolet-B (UVB, 290-320 nm) was delivered at a rate of 2 J/m 2 /s using FS20T12 bulbs and a Kodacel filter as described previously [24] . Bax was expressed in YUSAC2 cells using a binary adenoviral vector system [27] kindly provided by Bingliang Fang (MD Anderson Cancer Center, Houston, TX). Adenoviruses expressing the GAL4 transactivator (Ad/pGK-GV16) and inducible Bax (Ad/GT-Bax) genes were propagated in 293 cells and purified from cell lysates by ultracentrifugation as described elsewhere [28] . Prior to use, viruses were titered on YUSAC2 cells and stored at 4 8C. Some experiments incorporated zVAD-fmk and zFAfmk (ICN Biomedicals, Aurora, OH) which were solubilized in DMSO and stored at À20 8C. The protease inhibitors AEBSF, E64, EST, leupeptin, pepstatin A, TLCK, TPCK, ALLN, and PD150606 were obtained from EMD Biosciences, and solubilized according to the manufacturer's instructions. Apoptosis kinetics were determined by detecting DNA content in propidium iodide-stained cells by flow cytometry as described previously [24] . Caspase activity was measured in cell lysates using the fluorogenic caspase-3 substrate Ac-DEVD-AMC (Peptides International Inc., Louisville, KY) as previously described [8] .
Experiments in HeLa cells involved transient lipid-based transfection of Livin constructs. Briefly, cells were seeded (2 Â 10 5 /well) in 6-well plates and the next day a mixture containing 0.5 mg DNA, 1 mL Lipofectamine-2000 (Invitrogen, Carlsbad, CA) and 200 mL Optimem (Invitrogen) was prepared, and after 30 min this was added to each well and cells were incubated for 6 h in media without antibiotics. The media was then changed, and transfected cells were incubated overnight prior to treatment with apoptotic stimuli and preparation of cell lysates for Western blotting.
Western blotting
Cell lysates were prepared, electrophoresed on 10 or 15% acrylamide gels, transferred to PVDF membranes, blocked with non-fat milk, reacted sequentially with primary and secondary antibodies, and visualized by enhanced chemiluminescence as described previously [24] . For some experiments, cells were fractionated into mitochondrial and cytosolic components and analyzed separately as described [8] . Sources and use of antibodies to Livin [24] , Actin [24] , XIAP [24] , and VDAC [8] have been described previously. Polyclonal rabbit antiserum against Omi/HtrA2 was kindly provided by Chunying Du (Stowers Institute for Medical Research, Kansas City, MO) and used at a dilution of 1:2000. A monoclonal anti-V5 tag antibody (Invitrogen) was used at a dilution of 1:5000.
RNA interference
The RNA oligos 5 0 -CUUCAUCGCAGAUGUGGUGdTdT-3 0 (sense) and 5 0 -CACCACAUCUGCGAUGAAGdTdT-3 0 (anti-sense) corresponding to the human Omi/HtrA2 sequence, and non-specific oligos 5 0 -AGACAGAAGACAGAUAGGCdTdT-3 0 (sense) and 5 0 -GCCUAUCUGUCUUCUGUCUdTdT-3 0 (anti-sense) were synthesized and HPLC-purified by the core facility at the University of Utah. Each pair of oligos was solubilized in RNA interference (RNAi) Suspension Buffer (Qiagen, Valencia, CA) and mixed at a final concentration of 20 mM, heated at 90 8C for 1 min, incubated at 37 8C for 1 h, and then stored at À20 8C. Cells were seeded in medium without antibiotics (2 Â 10 5 /well) in 6-well plates and the next day a mixture containing 2 mL RNA duplex, 7 mL Lipofectamine-2000 and 300 mL Optimem was prepared, and after 20 min this was added to each well and cells were incubated 48 h in 1.5 mL medium without antibiotics.
Construction of Livin mutants
The pcDNA3.1V5HisTOPO-Livin construct [17] expressing wild-type full-length human Livin with a C-terminal V5 tag was kindly provided by Gary Kasof (formerly of Astrazeneca, Worcester, MA). Mutation of the potential caspase cleavage site at residue 52 from Asp to Glu (LivD52E) was generated by a sitedirected mutagenesis technique based on the QuikChange system (Stratagene, La Jolla, CA). Briefly, mutagenic primers 5 0 -GCCTGGGACCACGTGGAaGGG-CAGATCCTGGGCC-3 0 and 5 0 -GGCCCAGGATCTGCCCtTCCACGTGGTCCCAGGC-3 0 , containing the D52E mutation (mutated nucleotide in lower case), were annealed to pcDNA3.1V5HisTOPO-Livin. The primers were extended and incorporated into nicked circular strands with Pfu Ultra DNA polymerase (Stratagene). The wild-type (methylated) parental strands were digested with DpnI prior to transformation. Mutation of residue 52 from Asp to Ala (LivD52A) was similarly prepared, using mutagenic primers 5 0 -TGCAGAGCCTGGGACCACGTGGccGGGCAGATCCTGG-GCCAGCT-3 0 and 5 0 -AGCTGGCCCAGGATCTGCCCggC-CACGTGGTCCCAGGCTCTGCA-3 0 , containing the D52A mutation (mutated nucleotides in lower case). For construction of Livin deletion mutants, a twostage PCR-based strategy was employed with 1st round amplification of fragments flanking the deletion and 2nd round amplification of the fragments after joining them into a single full-length segment. The vector pcDNA3.1V5HisTOPO-Livin was used as a template. Primers used for the 2nd round incorporated NheI (forward primer) and EcoRI (reverse primer) sites at the 5 0 ends. For the deletion mutants LivLED52-61, LivLED62-71 and LivLED72-82, primers used for 1st round PCR incorporated XhoI sites at the 5 0 ends to facilitate linkage of the fragments. Generation of the XhoI site resulted in introduction of a leucine and glutamic acid residue within the deleted region. For the remaining deletion mutants, primers used for 1st round PCR contained overlapping complimentary sequences at the 5 0 ends to allow hybridization of the fragments. No additional residues were introduced with this approach. After 2nd round PCR, the reconstructed Livin cDNAs containing deletions were excised from agarose gels, cut with NheI and EcoRI, and ligated into these sites in pBK-CMV (Stratagene). The integrity of all constructs was verified by sequencing, and plasmid DNA was prepared from transformed E. coli using a commercial kit (Qiagen).
Results
Multiple apoptotic stimuli/pathways induce Livin cleavage
We previously observed that in YUSAC2 melanoma cells exposed to UVB, the 40-kDa Livin protein was cleaved to yield a 30-kDa fragment [24] . We examined this cleavage phenomenon in additional melanoma lines derived from metastatic (YUGEN8) and locally invasive (WM35) lesions, as well as normal melanocytes. Cells were treated with UVB and Livin levels were monitored over a 48-h period by Western blotting. The polyclonal antibody used recognizes both the a and b isoforms [18] , hence often a ''doublet'' is visualized. As shown in Fig. 1a , Livin was cleaved in all three melanoma lines over 24-48 h, roughly corresponding to the kinetics of UVB-induced apoptosis seen previously in YUSAC2 and YUGEN8 cells [24] . The presence of a doublet fragment suggests that both Livin isoforms are cleaved. The residual cleavage fragment was not visualized, likely due 192 H. Yan et al. to rapid degradation or because its small size precluded resolution and detection. By contrast, in UVBtreated melanocytes there was progressive degradation of the full-length molecule by 48 h and a discreet cleavage fragment was not seen (Fig. 1a) . We next asked if other apoptotic stimuli could induce Livin cleavage in melanoma cells. As shown in Fig. 1b , Livin cleavage occurred in both YUSAC2 and YUGEN8 cells in response to the drugs 4-TBP, cisplatin and etoposide, comparable to that induced by UVB. Treatment of these cells with staurosporine also resulted in Livin cleavage (not shown). Thus multiple apoptotic stimuli can induce Livin cleavage.
Given that the apoptotic pathways triggered by UVB and these drugs are poorly characterized, we examined whether Livin cleavage occurred in response to stimuli that trigger-specific apoptotic pathways. To assess death receptor signaling, we first attempted to stimulate cells with TRAIL but they were resistant to TRAIL-induced apoptosis and Livin cleavage was not seen (not shown). Since melanoma cells are often resistant to TNF-receptor ligands [29] , we assessed Livin cleavage in a cell line sensitive to death receptor signaling. Although Livin expression has been reported in some HeLa cell lines [17] , those maintained in our laboratory did not express detectable levels of endogenous Livin (Fig. 1c) . Transfection of HeLa cells with a Livin expression construct resulted in marked expression of Livin (Fig. 1c) , which was cleaved following stimulation with TNF-a (Fig. 1c) or TRAIL (not shown). Since apoptosis in response to death receptor signaling in some cells may be dependent on activation of the mitochondrial pathway [30] , we next asked whether Bax-mediated mitochondrial stimulation could induce Livin cleavage. YUSAC2 cells were infected with an inducible Bax-expressing adenovirus [27] , and Bax expression was associated with Livin cleavage (Fig. 1d) . Thus direct stimulation of mitochondrial apoptosis is sufficient to induce Livin cleavage in melanoma cells. We next compared the kinetics of Livin cleavage with that of apoptosis induction by cisplatin and 4-TBP in the melanoma lines. As shown in Fig. 2 , cleavage tended to either coincide or precede apoptosis depending on the stimulus and the cell line. For example, in YUSAC2 and WM35 cells treated with cisplatin, apoptosis and cleavage proceeded over a 48-h period (Fig. 2a and c) as observed in UVBtreated cells (Fig. 1a and Ref. [24] ). On the other hand, apoptosis lagged behind cleavage in cisplatintreated YUGEN8 cells (Fig. 2b) . In YUSAC2 and YUGEN8 cells treated with 4-TBP, cleavage was generally maximal by 2 h while apoptosis was not complete until 24 h (Fig. 2a, b and d) . In 4-TBPtreated WM35 cells, both cleavage and apoptosis had peaked by 2 h (Fig. 2c). 
Role of proteases in Livin cleavage
Given the previous demonstration by Yang et al. [15] that recombinant Omi cleaves Livin, we first examined its potential role in Livin cleavage in melanoma cells. We first confirmed that Omi translocates from mitochondria to cytosol in melanoma cells under experimental conditions in which Livin cleavage had been observed. Following treatment with UVB or 4-TBP, YUSAC2 and YUGEN8 cells were fractionated into mitochondrial and cytosolic components which were separately blotted for Omi. As shown in Fig. 3a , Omi localized to the mitochondria in untreated cells, but was easily detected in the cytosol from both cell lines upon treatment with either UVB or 4-TBP. To examine whether translocated Omi was required for Livin cleavage, we knocked down Omi expression in YUSAC2 cells prior to induction of apoptotic Livin cleavage. Transfection of YUSAC2 cells with siRNA specific for Omi, but not control siRNA, resulted in considerable knockdown of Omi protein at 48 h (Fig. 3b) . Reduced levels of Omi, however, did not compromise either 4-TBP-or UVB-induced Livin and XIAP cleavage (Fig. 3b) . Similar results were obtained in YUGEN8 cells (not shown). Thus Omi is not required for Livin cleavage in melanoma cells.
Next, we screened a panel of non-toxic protease inhibitors for the capacity to block Livin cleavage. YUSAC2 cells were pre-incubated with inhibitors of serine (AEBSF), cysteine (E64, EST), trypsin-like (leupeptin, TLCK), chymotrypsin (TPCK) or aspartic (pepstatin A) proteases, or calpain inhibitors (ALLN, PD150606), then stimulated with UVB or 4-TBP. None of these inhibitors at recommended concentrations, however, was capable of blocking cleavage of either Livin or XIAP induced by UVB (Fig. 3c ) or 4-TBP (Fig. 3d) .
Cleavage of other IAPs such as XIAP [11] and cIAP-1 [12] appears to be mediated by caspases, and Nachmias et al. [25] showed that recombinant Livin was cleaved by recombinant caspases 3 and 7. To assess the role of caspases in Livin cleavage in melanoma cells, YUSAC2 cells were exposed to apoptotic stimuli in the absence or presence of the pan-caspase inhibitor zVAD-fmk. While addition of zVAD-fmk significantly reduced cleavage of XIAP in UVB-treated cells, Livin cleavage was essentially unaffected (Fig. 4a) . The concentration of zVAD-fmk used (20 mM) was sufficient to block caspase activity in UVB-treated YUSAC2 cells (Fig. 4b) . In cells treated with 4-TBP, however, the presence of zVAD-fmk conferred only partial protection against Livin cleavage (Fig. 4a) . The presence of a weak XIAP cleavage fragment in cells treated with 20 mM zVAD-fmk (Fig. 4a) further suggests there may be residual caspase activity in cells under these conditions. We next examined Livin cleavage using a higher concentration of zVAD-fmk (50 mM) sufficient to abrogate XIAP cleavage (Fig. 4c) . Under these conditions, cisplatin-induced Livin cleavage was not affected in either YUSAC2 or Apoptotic cleavage of Livin 195 (Fig. 4c) and 4-TBP-induced cleavage was again only partially blocked (not shown). In the presence of 100 mM zVAD-fmk, however, 4-TBPinduced cleavage was blocked completely in YUSAC2 cells while UVB-induced cleavage remained largely unaffected (Fig. 4d) . It is known that such high concentrations of zVAD-fmk can have non-specific effects [31] , so we incorporated the cathepsin B inhibitor zFA-fmk, used by others [32] as a negative control for zVAD-fmk. At a concentration of 100 mM, zFA-fmk partially blocked XIAP cleavage and 4-TBPinduced Livin cleavage (Fig. 4d) , suggesting that at least some of the effects of zVAD-fmk at this concentration can be attributed to caspase inhibition. Thus the dependence of Livin cleavage in melanoma cells on caspases varies somewhat depending on the apoptotic stimulus, as cleavage induced by UVB and cisplatin is largely resistant to caspase inhibition, while that induced by 4-TBP is more sensitive to caspase inhibition.
Previous studies showed that recombinant Livin was cleaved by recombinant caspases 3 and 7, and that mutation of Asp 52 (D52E) in Livin blocked its cleavage in vitro [25] . We prepared the same mutant (LivD52E), transfected it into HeLa cells, and assessed whether it could be cleaved upon apoptotic stimulation. As shown in Fig. 4e , mutation of this potential caspase substrate in Livin did not affect cleavage in 4-TBP-or UVB-treated cells. By contrast, a less conservative substitution at this residue (D52A) prevented cleavage induced by either 4-TBP or UVB (Fig. 4e) . Given that conventional caspases cleave at Asp residues and recognition is blocked by Asp ! Glu substitution [33] , these results suggest several possibilities regarding Livin cleavage in our cells. First, cleavage is not 196 H. Yan et al. caspase-mediated; second, cleavage is mediated by a non-canonical caspase such that recognition is only partially inhibited by zVAD-fmk and not affected by the Asp ! Glu substitution; or third, cleavage does not occur at Asp 52 .
Localization of cleavage region and generation of uncleavable Livin mutants
To investigate these possibilities further, we sought to map the cleavage site. The 30-kDa size of the Livin cleavage fragment suggested that the 40-kDa full-length protein was cleaved either at the amino-or carboxy-terminal third of the molecule, or that cleavage was occurring at each end of the molecule to yield a large internal fragment. The incorporation of a carboxy-terminal V5 tag in our Livin expression construct permitted us to distinguish between these possibilities. Livintransfected HeLa cells were treated with 4-TBP and cell lysates were blotted with antibodies against Livin and V5. As shown in Fig. 5a , the Livin cleavage fragment was similarly visualized with the Livin-and V5-specific antibodies, confirming the presence of the carboxy-terminal V5 tag in the cleavage fragment, and that cleavage was occurring in the amino-terminal third of the molecule. Thus the putative cleavage region spans approximately 30 amino acids, situated upstream of the BIR domain (Fig. 5b) . Next, we generated three mutants covering the putative cleavage region containing internal deletions of approximately 30 nucleotides each (Fig. 5b) . These three mutants (LivLED52-61, LivLED62-71, LivLED72-82) were separately transfected into HeLa cells, and then cleavage was assessed by Western analysis following treatment with 4-TBP. As shown in Fig. 5c , the first mutant (LivLED52-61) was resistant to apoptotic cleavage while deletions in the other two mutants did not affect their cleavage. The increased migration of the second mutant (LivLED62-71) relative to the others (Fig. 5c ) may be due to loss of a phosphorylated threonine, given that the residues T 63 EEEEEE constitute a potential phosphorylation site for casein kinase II [34] . Thus residues in the first third of the putative cleavage region were required for Livin cleavage.
Having established that mutation of residue 52 did not compromise cleavage (Fig. 4e) , we made additional sub-deletion mutants spanning this region starting at residue 53. These four additional mutants (LivD53-55, LivD55-57, LivD57-59, LivD60-62) were evaluated for apoptotic cleavage following transfection into HeLa cells. As shown in Fig. 5d , all four sub-deletion mutants were efficiently cleaved. To ascertain whether the resistance of LivLED52-61 to cleavage was due to introduction of the LE residues or loss of residue 52, the mutants LivD52-61 and LivD53-61 were respectively prepared (Fig. 5b) . Surprisingly, both were found to be resistant to cleavage (Fig. 5e) . Confirming the importance of residue 52 for cleavage, additional mutants lacking residue 52 (LivD52) or 51-53 (LivD51-53) were similarly resistant to cleavage (Fig. 5e) . The resistance of LivD52 to cleavage was also confirmed with UVB and cisplatin as apoptotic stimuli (Fig. 5f) . These results suggest that although residue 52 is required for cleavage, loss of nine adjacent residues (53-61) may sufficiently perturb the structure of this part of the molecule to block protease recognition or cleavage.
Discussion
We found Livin cleavage to be a consistent phenomenon associated with apoptosis in melanocytic cells, induced by a variety of apoptotic stimuli. Direct activation of the mitochondrial apoptotic pathway, by over-expression of Bax, was sufficient for induction of Livin cleavage. Interestingly, Livin cleavage may not routinely occur in normal melanocytes upon apoptotic stimulation. We found previously [24] and in the present study that while levels of full-length Livin are reduced in UVB-treated melanocytes, the 30-kDa fragment is not detected. While it is possible that in non-malignant cells Livin may be proteolyzed by an alternate mechanism or the cleaved fragment may be highly unstable, it is more likely that in melanocytes a higher apoptotic threshold may be required for Livin cleavage. We did in fact observe in some experiments the 30-kDa fragment in melanocytes treated with 4-TBP which is a more potent apoptotic stimulus than UVB (Brouha and Grossman, unpublished observation).
In this study, we investigated further the potential role of known proteases in the apoptotic cleavage of Livin. While others have shown that Livin can be cleaved by recombinant Omi [15] or caspases 3/7 [25] in vitro, our studies using intact melanoma cells demonstrate that Omi is not required for Livin cleavage, and the role of caspases is not straightforward and may depend on the apoptotic stimulus as discussed below. Although we observed rapid translocation of Omi during apoptosis from mitochondria to cytosol with kinetics similar to that of Livin cleavage, the extent of cleavage was not diminished under conditions of Omi knockdown. Given that Omi is a serine protease, our findings are consistent with the inability of the serine protease inhibitor AEBSF to block Livin cleavage. We also screened inhibitors of other major classes of proteases, including cathepsins and calpains which have been implicated in apoptosis [35] , but none was able to block Livin cleavage in vivo.
It would be tempting to speculate that Livin is cleaved by caspases given the presence of an internal potential caspase substrate (DHVD 52 ) [16, 17] and the reported caspase-dependent cleavage of other IAPs [11, 12] . In support of this notion, Nachmias et al. [25] demonstrated partial inhibition of cleavage in staurosporine-treated Jurkat cells in the presence of 200 mM zVAD-fmk, and cleavage of Livin (but not a D52E mutant) by recombinant caspases 3/7 in vitro. They did not observe Livin cleavage in cells exposed to 20 mM zVAD-fmk, and a control peptide was not used to control for nonspecific effects at the higher concentrations [25] . We found that 20 mM zVAD-fmk was sufficient to inhibit most of the caspase activity in apoptotic melanoma cells, and a concentration of 50 mM was sufficient to block XIAP cleavage. While Livin cleavage induced by UVB or cisplatin was not affected by zVAD-fmk concentrations up to 100 mM, cleavage induced by 4-TBP was only partially inhibited by 20-50 mM zVAD-fmk and required a zVAD-fmk concentration of 100 mM for complete inhibition. The control peptide zFA-fmk at concentrations of 100 mM, however, did have some inhibitory effect on XIAP cleavage, so it would be hazardous to exclude non-specific effects at higher concentrations. Regarding the reported resistance of the Livin D52E mutant to caspase-mediated cleavage, this mutant was not evaluated in transfected cells [25] , but we suspect that the cleavage observed in this study (and with that with Omi [15] ) may be a consequence of high enzyme-substrate concentrations and susceptibility to cleavage at residue 52 (see below). We found here that LivD52E (but not LivD52A) was cleaved in transfected cells comparable to wild-type Livin, and since mutation of the terminal Asp to Glu in model caspase substrates is known to reduce caspase cleavage by 20,000-fold [33] , our data suggest that Livin cleavage is not mediated by conventional (canonical) caspase(s) in cells. Regarding whether caspases are required for Livin cleavage, the differential sensitivity to zVADfmk in UVB/cisplatin-versus 4-TBP-treated cells suggests that the potential role of caspases in Livin cleavage may depend on the apoptotic stimulus. The very high concentrations of zVAD-fmk required to block 4-TBP-induced cleavage of Livin (compared to XIAP) suggest that if Livin cleavage is mediated by caspase, it is relatively insensitive to caspase inhibition. Alternatively, activation of the putative protease may be dependent upon upstream caspase activation, which could vary with apoptotic stimulus.
Given the relative insensitivity of Livin cleavage (compared to XIAP cleavage) to zVAD-fmk and the inability of the D52E mutation to block cleavage in our hands, we were somewhat surprised that deletion of Asp 52 within the potential caspase consensus site (DHVD 52 ) was sufficient to abrogate cleavage. While it is theoretically possible that loss of a residue could perturb conformational structure and preclude protease recognition of an adjacent cleavage site, this result strongly suggests that Livin is cleaved at Asp 52 . Our finding of loss of cleavage upon mutation of Asp 52 to Ala, but not Glu, is consistent with this model and suggests that this residue is important both for protease recognition and cleavage. Since mutation of this residue to Glu within the potential caspase consensus site should abolish canonical caspase recognition [33] , as noted above, it is unlikely that proteolysis is mediated by a cononical effector caspase. Rather, our results taken together suggest that Livin cleavage may involve an alternate proteolytic pathway mediated by a non-canonical caspase. Interestingly, in Drosophila, the IAP molecule DIAP1 is cleaved at an Asp residue by effector caspase but at a Glu residue by the apical caspase Dronc [36] . If homologue(s) of Dronc exist in mammalian cells capable of cleaving at Glu residues, such non-canonical caspase(s) might be a good candidate for the protease involved in Livin cleavage.
Deletion of residues (53-61) adjacent to Asp 52 had a similar effect to deletion of Asp 52 , suggesting that this region may also be important for protease recognition. Interestingly, recognition of general structure rather than specific sequences is a consistent feature of Omi, as analysis of Omi-mediated cleavage fragments of cIAP-1 revealed three internal cleavage sites which lacked conservation at the level of amino acid sequences [15] . The threedimensional structure of Livin, to our knowledge, has not been reported. To assess the relative topology of this region in the molecule and how deletion of these residues might affect Livin structure, we utilized a secondary structure prediction program (http://www.embl-heidelberg.de/predictprotein). Consistent with our results, residues 52-61 in Livin are predicted to reside within a large surface loop, where they would be accessible to protease. This site may be particularly susceptible to proteolysis, perhaps explaining the cleavage of Livin observed in vitro with recombinant caspases [25] and Omi [15] . Although deletion of these residues is not predicted to alter the secondary structure of this loop or the remainder of the molecule significantly, cleavage in this region may alter the structure of the neighboring BIR domain or its ability to allosterically inhibit caspases, thereby reducing anti-apoptotic activity of the Livin molecule.
